The lignins from different anatomical parts of macauba (Acrocomia aculeata) palm fruit, namely stalks, epicarp, and endocarp, were studied. The lignin from stalks was enriched in S-lignin units (S/G 1.2) and β-ether linkages (84% of the total) and was partially acylated at the γ-OH of the lignin side-chains (26% lignin acylation), predominantly with phydroxybenzoates and acetates. The epicarp lignin was highly enriched in G-lignin units (S/G 0.2) and consequently depleted in β-ethers (65%) and enriched in condensed structures such as phenylcoumarans (24%) and dibenzodioxocins (3%). The endocarp lignin was strikingly different from the rest and presented large amounts of piceatannol units incorporated into the polymer. This resulted in a lignin polymer depleted in β-ethers but enriched in condensed structures and linked piceatannol moieties. The incorporation of piceatannol into the lignin polymer seems to have a role in seed protection.
■ INTRODUCTION
Macauba (Acrocomia aculeata (Jacq.) Lodd. ex Mart.) is a tropical palm tree from the Arecaceae family native to South America. This palm is considered a promising energy crop due to the high bioenergy production potential of its fruit and the possibility of integrated crop-livestock/forest-farming systems. The fruit has a high oil content, which has favorable characteristics for the production of biodiesel. 1−3 In addition, from the residues generated in the processing of the fruits, it is possible to produce charcoal (from the shell) and densified briquettes (from the husk), both biofuels of high energy density. 1−3 The macauba fruit is a drupe with a smooth epicarp (husk) and a fibrous mesocarp (pulp) that involves the nut, which comprises the endocarp (shell) and the kernel. The oil is concentrated in the pulp and the kernel, which are the parts industrially exploited, whereas the other parts of the fruit, epicarp, and endocarp are mostly discarded as residues generated during oil production. 1−3 The epicarp and endocarp are the lignified layers of the fruit pericarp. The epicarp is formed by compact parenchyma cells whereas the endocarp is formed of sclerenchyma cells. 4 A previous study has shown that palm fruit endocarps contain substantial amounts of hydroxystilbenes (particularly piceatannol, together with minor amounts of resveratrol and isorhapontigenin), integrally incorporated into the lignin polymer. 5 Palm fruit endocarps can therefore be regarded as a source of valuable polyphenolics from what is now considered a waste material. However, it is not yet known whether these valuable hydroxystilbenes are restricted to the endocarp layer or whether they are also present in the lignins of other parts of the same plant. For this reason, the content and structural characteristics of the lignins from three distinct lignified anatomical parts of the macauba palm, namely stalks, and the epicarp and endocarp from the fruit, have been investigated in detail.
Lignin is an abundant biopolymer in vascular plants where it plays crucial roles for plant growth and development, as well as for pathogen protection. Lignin derives primarily from three hydroxycinnamyl alcohols, p-coumaryl, coniferyl, and sinapyl alcohols; following lignification, these differentially methoxylated monolignols give rise to the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units in the polymer. 6 Abundant research has indicated that lignins are also produced from monomers other than the three traditional monolignols, including acylated monolignols (with acetates, p-hydroxybenzoates, p-coumarates, and ferulates), as well as other phenolics arising from truncated monolignol biosynthesis, such as coniferaldehyde, 5-hydroxyconiferyl alcohol, or caffeyl alcohol. 6−14 Interestingly, phenolic compounds derived from outside the classical monolignol biosynthetic pathway have now also been discovered to participate in cross-coupling reactions with monolignols to become integrally incorporated into the lignin. This is the case for the flavone tricin, discovered in grasses and other monocots 11,15−19 and the aforementioned hydroxystilbenes (e.g., piceatannol) recently discovered in the lignins of several palm fruit endocarps. 5 The content, composition, and structure of the lignin differ widely and depend on many factors, including the type of plants, tissues, cell-type, stages of growth, and also the environmental conditions. 20−24 Lignin deposition and composition is cell-specific and therefore differs between xylem cells specialized for water and solutes transportation (tracheary elements), sclerenchyma cells that ensure the mechanical support of plants, and endodermal cells. 25, 26 Lignin deposition and assembly is regulated by the cell which determines the supply of the different monolignols to the lignifying zones of the various tissues. 21,27−29 It is therefore expected that the lignins from the three macauba parts selected for this study (stalk, epicarp, and endocarp) have different compositions.
In this study, the whole cell walls of the different macauba parts were analyzed "in situ" by two-dimensional nuclear magnetic resonance (2D-NMR) spectroscopy and by analytical pyrolysis coupled to gas chromatography and mass spectrometry (Py-GC/MS). The use of these techniques avoids isolation procedures that may only partially extract the lignin, not necessarily representatively, or may result in undesirable modifications. However, in order to obtain superior spectra and aid in lignin structural assignment, so-called "milled wood" lignins (MWLs) were also isolated from the different macauba parts and subsequently analyzed by 2D-NMR, Py-GC/MS, derivatization followed by reductive cleavage (DFRC), and gelpermeation chromatography (GPC).
■ EXPERIMENTAL SECTION
Samples. Bunches of matured fruits were collected from macauba (Acrocomia aculeata) palm plantations in Mirabela, MG, Brazil. The epicarp and endocarp of the fruit were manually separated with a cutter and, together with the stalks, were dried in a forced-air oven at 40°C. The dried samples were milled using a knife mill and then successively Soxhlet extracted with acetone (8 h) and hot water (3 h) to remove extractives. Klason lignin content was estimated as the residue after sulfuric acid hydrolysis of the pre-extracted material (filtered through a porosity-3 crucible), according to the TAPPI method T222 om-88, 30 and then corrected for ash and protein content as previously described. 16 In the hydrolysates, monomeric sugars from carbohydrates were analyzed by GC as alditol acetate derivatives according to TAPPI method T249 om-85. 30 Three replicates were used for each sample. The compositions of neutral monosaccharides (as percentages of total neutral carbohydrates) were as follows for the different macauba parts. Stalks: arabinose (6.7%), mannose (1.8%), galactose (2.5%), xylose (27.4%), glucose (61.6%). Epicarp: arabinose (3.1%), mannose (4.8%), galactose (4.1%), xylose (18.8%), glucose (69.2%). Endocarp: arabinose (0.9%), mannose (0.8%), galactose (0.8%), xylose (45.3%), glucose (52.2%).
Lignin Isolation. The "milled wood" lignin (MWL) preparations were obtained from extractive-free samples using ball-milling conditions more recently described. 5 The ball-milled materials (40 g) were extracted with 800 mL of dioxane−water (96:4, v/v) under continuous stirring in the dark for 24 h. The solution was centrifuged and the supernatant, which contains the lignin, was then collected by decantation. The extraction process was repeated three times, using fresh dioxane−water solution each time and the supernatants were combined. Crude lignins were obtained after removal of the solvent on a rotary evaporator at 50°C and the isolated lignins were subsequently purified as described elsewhere. 31 Yields of around 20% of the original Klason lignin content were obtained.
Analytical Pyrolysis. The pyrolysis of the different macauba parts and their isolated lignins were performed at 500°C (1 min) in a 3030 microfurnace pyrolyzer (Frontier Laboratories Ltd., Fukushima, Japan) connected to a GC 7820A (Agilent Technologies, Inc., Santa Clara, CA) and an Agilent 5975 mass-selective detector. The column used was a 30 m × 0.25 mm i.d., 0.25 μm film thickness, DB-1701 (J&W Scientific, Folsom, CA). The GC oven was heated from 50 to 100°C at 20°C/min and then ramped to 280°C at 6°C/min and held for 5 min. Helium (1 mL/min) was used as the carrier gas. For the pyrolysis in the presence of tetramethylammonium hydroxide (Py/TMAH), the sample was mixed with a droplet of TMAH (25%, w/w, in methanol) prior to the pyrolysis. The released compounds were identified by comparison of their mass spectra with those present in the NIST and Wiley mass spectral libraries and by comparison with literature data. 32 Derivatization Followed by Reductive Cleavage (DFRC). DFRC degradation was performed according to the classical procedure, 33 and the details have been described elsewhere. 31 Briefly, around 10 mg of lignin were first treated with acetyl bromide/acetic acid solution (8:92, v/v) under stirring (2 h, 50°C) and then treated with 50 mg of powdered Zn (40 min, room temperature). The lignin degradation products were then acetylated with acetic anhydride/ pyridine prior to their analysis by GC/MS. To evaluate the occurrence of native acetate groups attached to the lignin, the original DFRC method was slightly modified by using propionylating reagents (so-called DFRC′) instead of acetylating ones, as previously described. 7, 34 The DFRC and DFRC′ lignin degradation products were analyzed by GC/MS on a Saturn 4000 (Varian, Walnut Creek, CA) equipment. The column used was a 15 m × 0.25 mm i.d., 0.1 μm film thickness, DB5-HT (J&W Scientific, Folsom, CA). Helium (2 mL/min) was used as the carrier gas. The samples were injected directly onto the column using a septum-equipped programmable injector (Varian 8200 autosampler, Varian, Folsom, CA) that was heated from 120°C (0.1 min) to 340°C at a rate of 200°C/min and held until the end of the analysis. The GC oven was heated from 120°C
(1 min) to 340°C (10 min) at a rate of 10°C/min. The GC/MS transfer line was set to 300°C.
Nuclear Magnetic Resonance (NMR) Spectroscopy. Multidimensional NMR spectra (HSQC, HMBC, HSQC-TOCSY) were recorded on an AVANCE III 500 MHz instrument (Bruker, Karlsruhe, Germany) fitted with a cryogenically cooled 5 mm TCI gradient probe with inverse geometry, at the NMR facilities of the General Research Services of the University of Seville (SGI-CITIUS). Whole cell-walls were analyzed at "gel-state" according to previous methods; 35, 36 for this, 80 mg of sample were swelled in 0.75 mL of DMSO-d 6 . In the case of MWLs, 40 mg of sample were dissolved in 0.75 mL of DMSO-d 6 . The residual DMSO signal (δ C /δ H 39.5/2.49) was used as the internal reference. The HSQC, HMBC, and HSQC-TOCSY experiments used the Bruker standard pulse programs "hsqcetgpsisp2.2", "hmbcgplpndqf", and "hsqcdietgpsisp.2", respectively. The detailed NMR experimental conditions are described elsewhere. 11 Lignin and carbohydrate signals were assigned according to the literature. 5,11,15,31,35−38 Quantitation of lignin units and linkages were performed as described elsewhere. 5, 15 Briefly, the signals used to quantitate the relative abundances of the aromatic units were H 2,6 , G 2 , S 2,6 , pCA 2,6 , FA 2 , pBA 2, 6 , and P c2 (P b2 was not resolved and its estimated integral was obtained via comparison of integrals for P b6 and P c6 ); as signals H 2,6 , S 2,6 , pCA 2, 6 , and pBA 2,6 involve two protoncarbon pairs, their volume integrals were halved. The various interunit linkages were quantitated via the volume integrals of the A α /A′ α , B α / B′ α , C α , C′ α , D β , F α , P b7 , P c7 , and V α correlation signals. The relative abundance of cinnamyl alcohol end-groups (I) were estimated by integration of the signals I γ and I′ γ , whereas the abundance of cinnamaldehyde end-groups (J) was determined by integration of the signal J 7 and comparing with I β .
Gel-Permeation Chromatography (GPC). Prior the GPC analyses, the MWLs were acetylated with acetic anhydride/pyridine (1:1, v/v) and dissolved in tetrahydrofuran (THF). GPC was carried out on a Prominence-i LC-2030 3D GPC system (Shimadzu, Kyoto, Japan). The column used was a 300 mm × 7.5 mm i.d., 5 μm, PLgel MIXED-D (Agilent Technologies, Stockport, United Kingdom). The eluent was THF at a flow rate of 0.5 mL/min at a temperature of 40°C
. The chromatograms were monitored at 280 nm using a photodiode array (PDA) detector. The data acquisition and processing were performed using the LabSolution GPC software version 5.82 (Shimadzu, Kyoto, Japan). A kit of polystyrene standards 
■ RESULTS AND DISCUSSION
Three different lignified anatomical parts of the macauba palm, namely stalks and the epicarp and endocarp from the fruit, were selected for this study. The Klason lignin content accounted for 30.1% (stalk), 18.0% (epicarp), and 39.8% (endocarp) of the dried material. The high lignin content found for the macauba endocarp is in agreement with that observed in other palm fruit endocarps. 5, 39 These values greatly differ from those previously published that reported a considerably higher lignin content for the epicarp (up to 27.5%) and a much lower lignin content (only 31.7%) for the endocarp. 1 The accuracies of these previously reported values, however, have to be dismissed due the large lignin contents reported for the pulp (29.3%) and kernel (32.7%), two nonlignified parts of the fruit that should not present much lignin content. Most probably, the lignin contents estimated previously were not corrected for the ash and protein present in the acid-insoluble lignin, which were corrected for in the present study. In addition, the crucible pore size is crucial for a precise determination, and this could be another reason for the discrepancies observed.
The composition and structure of the lignins in these three macauba parts were analyzed "in situ" by Py-GC/MS and 2D-NMR. To produce cleaner spectra, the MWLs were also isolated and subsequently analyzed by Py-GC/MS, 2D-NMR, DFRC, and GPC.
Lignin Composition of the Different Macauba Parts as Determined by Py-GC/MS. The composition of the lignins in the different anatomical parts of macauba was first analyzed in situ by Py-GC/MS that provides rough insight into Calculated without using phenol (1) and 4-hydroxybenzoic acid (29) , arising from p-hydroxybenzoates, and 4-vinylphenol (9) and 4-vinylguaiacol (8), also arising from p-coumarates and ferulates, and the respective 4-vinylsyringol (21) .
the characteristics of the lignins. In addition, the respective isolated MWLs were also analyzed by Py-GC/MS. The pyrograms of the whole cell-walls (CWs) and their corresponding MWLs are shown in Figure 1 . The identities and relative molar abundances of the released cell-wallassociated and lignin-derived phenolic compounds are listed in Table 1 , whereas the identities of the carbohydrate-derived compounds are detailed in the legend of Figure 1 . Table 2 .
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Article Among the phenolic compounds, the pyrograms of the CWs and their isolated MWLs showed compounds derived from the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin units such as phenol 1, guaiacol 2, 4-methylguaiacol 5, 4-ethylguaiacol 7, 4-vinylguaiacol 8, 4-vinylphenol 9, eugenol 10, syringol 12, trans-isoeugenol 14, 4-methylsyringol 15, vanillin 16, 4-ethylsyringol 18, 4-vinylsyringol 21, trans-4-propenylsyringol 26, syringaldehyde 27, and acetosyringone 30, among others. In general terms, the profile of the lignin peaks in the pyrograms of the CWs matched those present in the pyrograms of the MWLs. Important differences were observed in the composition of the lignins among the different macauba parts. High levels of phenol, 1, were released from the stalks (17.7% and 21.8% of all phenolic compounds in CW and its MWL) and, particularly, from the endocarp (24.8% and 51.3% in CW and its MWL), whereas lower amounts were released from the epicarp (6.8% and 3.3% in CW and its MWL). This might be an indication of the occurrence of important amounts of p-hydroxybenzoates in these lignins, which decarboxylate upon pyrolysis producing phenol 1.
11,40,41 Significant amounts of intact 4-hydroxybenzoic acid 29, were also released from the endocarp cell walls (20.8% of all phenolics) illustrating the importance of p-hydroxybenzoates pBA in this particular issue.
It is evident then that the relative abundance of phenol 1, cannot be used here for an accurate estimation of the lignin H:G:S composition as the major part of it does not arise from H-lignin units but from p-hydroxybenzoates. Likewise, 4-vinylphenol 9, and 4-vinylguaiacol 8, might also arise from pcoumarates pCA and ferulates FA upon decarboxylation during pyrolysis, as also occurs in the lignins from other plants; 15, 31, 40 4-vinylsyringol 21, may also arise from sinapates although such esters have been only rarely characterized in plant cell wall material, an exception being in wild rice. 42 Therefore, determining the lignin composition and S/G ratios in these plant materials by Py-GC/MS is a difficult task. A rough estimation of the H:G:S composition was made without using phenol 1, or 4-hydroxybenzoic acid 29, nor 4-vinylphenol 9, and 4-vinylguaiacol 8, nor the respective 4-vinylsyringol 21 ( Table 1 ). The lignin composition thus estimated indicated that the lignin from stalks was slightly enriched in S-lignin units (S/G around 1.4−1.5), whereas the lignin from the epicarp is highly enriched in G-lignin (S/G of 0.2), and the endocarp lignin presents an intermediate S/G ratio of around 0.9−1.5.
The occurrence of p-hydroxybenzoates pBA (as well as benzoates BA, p-coumarates pCA, ferulates FA, and sinapates SA) in the lignins of the different macauba fruit parts was 
Article demonstrated by pyrolysis in the presence of TMAH as a methylating reagent (Figure 2 ). The identities of the compounds released upon Py/TMAH and their relative abundances are listed in Table 2 . Py/TMAH prevents decarboxylation and results in depolymerization and subsequent methylation of the phenolic and carboxyl groups. 11, 15, 31, 40 Thus, Py/TMAH released high levels of the fully methylated derivative of p-hydroxybenzoic acid pBA (methyl 4-methoxybenzoate 6) that was particularly abundant in the lignins from stalks and endocarp and confirmed the occurrence of high amounts of p-hydroxybenzoates pBA in all these lignins, as also occurs in the lignins of other palms. 11, 12, 41 Significant amounts of the methylated derivatives of pcoumarate pCA and ferulate FA, namely methyl trans-4-Omethyl-p-coumarate 21, and methyl trans-4-O-methyl-ferulate 33, were also observed in the lignins of stalks and epicarp but were barely detected in the lignin from the endocarp. Minor amounts of the methylated derivative of sinapate SA (methyl trans-4-O-methyl-sinapate 34) could be also found in the epicarp lignin, and in trace amounts in the stalk and endocarp lignins. p-Hydroxybenzoates pBA and p-coumarates pCA are mostly found acylating the γ-OH of the lignin side-chains, and preferentially on S-lignin units, 9, 11, 12, 43 whereas ferulates and sinapates acylate cell-wall polysaccharides, with the ferulate FA in particular participating in both polysaccharide−polysaccharide and lignin−polysaccharide cross-coupling reactions. 9 However, the presence of relatively higher amounts of ferulates in the isolated lignin from epicarp in comparison to its respective whole cell walls suggests that ferulates FA are not only acylating the carbohydrates but may also be participating as lignin structural units during epicarp lignification. Interestingly, we also noted the release of minor amounts of methyl benzoate BA, a compound that was recently described 
Article to be also attached to the γ-OH of the lignin side-chain in other palms. 44 Polysaccharides and Lignin Structural Units in the Cell Walls of the Different Macauba Parts, as Elucidated by 2D-NMR. The whole cell-walls of the three macauba parts were analyzed in situ by gel state 2D-NMR, 35, 36 and the spectra were compared with those of their corresponding isolated MWLs. The side-chain (δ C /δ H 48−98/2.6−6.5) and the aromatic/unsaturated (δ C /δ H 96−155/5.6−8.0) regions of the HSQC spectra of the whole cell-walls and their isolated MWLs are shown in Figures 3 and 4 . The spectra of the whole cell-walls showed signals from carbohydrates and lignin, whereas the spectra of the isolated MWLs showed mostly signals from the lignin polymer. The lignin correlation signals assigned in the HSQC spectra are listed in Table S1 whereas the main carbohydrate signals are detailed in Table S2 . The main lignin substructures identified are depicted in Figure 5 .
Polysaccharides. The HSQC spectra of the whole-cell-wall materials revealed notable differences in the composition of carbohydrates in the three macauba parts, which are observed in two separate regions, in the aliphatic-oxygenated region ( Figure 3A−C) and, especially, in the region corresponding to the correlations of the anomeric carbons ( Figure 6 ). Polysaccharide signals were dominated by hemicelluloses and noncrystalline carbohydrates as cellulose signals cannot be seen at the gel state due to their crystallinity. 35 In the aliphaticoxygenated region ( Figure 3A−C) , the main carbohydrate signals corresponded to C 2 /H 2 , C 3 /H 3 , C 4 /H 4 , and C 5 /H 5 correlations of xylans (β-D-xylopyranoside X 2 , X 3 , X 4 , X 5 ), including O-acetylated xylans (2-O-acetyl-β-D-xylopyranoside X′ 2 and 3-O-acetyl-β-D-xylopyranoside X′ 3 ), and the C 4 /H 4 correlation for 4-O-methyl-α-D-glucuronic acid (U 4 ). Xylans were particularly abundant in the cell walls of stalks and endocarp. By contrast, the spectrum of epicarp was dominated by strong signals corresponding to the C 2 /H 2 , C 3 /H 3 , C 4 /H 4 , C 5 /H 5 , and C 6 /H 6 correlations of α-1,4-glucans (starch S 2 , S 3 , S 4 , S 5 , S 6 ). The carbohydrate signals observed in the anomeric region of the spectra also showed differences among the three macauba parts (Figure 6 ). Cross-signals from xylans (X 1 , αX 1(R) , and βX 1(R) ) and β-glucans, including noncrystalline cellulose (Gl 1 ), together with signals from O-acetylated xylans (X′ 1 ), and from the 4-O-methyl-α-D-glucuronic acid (U 1 ) were observed in the spectra of all macauba samples. In addition, signals from arabinans (Ar 1 and Ar 1(T) ), galactans (Ga 1 ), and mannans (M 1 ), including O-acetylated mannans (M′ 1 ), were also observed in the cell walls of stalks and epicarp. As observed in the aliphatic-oxygenated region, the anomeric region of the epicarp spectrum was also largely dominated by a strong signal from α-1,4-glucans (starch S 1 ). These spectra therefore revealed that the stalks and the endocarp were enriched in xylans (including acetylated xylans), whereas the epicarp also presented xylans but important amounts of nonstructural α-1,4-glucan polymers (starch). Pectic polysaccharides (arabinans and galactans) occurred in the stalks and epicarp but were absent in the endocarp.
Lignin Structural Units. The aromatic region of the HSQC spectra gave information regarding the composition of the different aromatic units ( Figures 3D−F and 4D−F) . The main signals corresponded to the aromatic rings of the different H-, G-, and S-lignin units. Signals of H-lignin units were only detected in the HSQC spectra of the stalks and epicarp; the relatively high content of apparent H-lignin in the cell walls of epicarp ( Figure 3E ) was mostly due to proteins, which were removed during MWL isolation ( Figure 4E ). Strong signals from p-hydroxybenzoates pBA were found in all three lignins, being particularly abundant in the lignin from stalks and endocarp, and at lower levels in the lignin from epicarp, corroborating the Py/TMAH data. Likewise, minor amounts of p-coumarates pCA and ferulates FA were also found in the lignins from stalks and epicarp, in agreement with Py/TMAH results. p-Hydroxybenzoates pBA and p-coumarates pCA are found acylating the γ-OH of the side-chain in the lignins of many plants, 9,11,12,16,43−45 whereas ferulates FA are usually found acylating carbohydrates. 9 However, and as indicated above, the significant amounts of ferulates FA in the MWLs isolated from epicarp, in comparison with the whole cell walls, seems to indicate that they are not only attached to carbohydrates but that they are also part of the lignin network.
Identification of Piceatannol Units Incorporated into the Endocarp Lignin. The most remarkable feature in the aromatic region of the HSQC spectra was the presence of a group of strong signals (labeled P b and P c and V) that appeared only in the endocarp spectra ( Figures 3F and 4F ) and that were assigned to piceatannol-derived units. Piceatannol is a member Figure 5 . Main structures present in the lignins of macauba as identified in the 2D HSQC NMR spectra of Figures 3 and 4 . A: β-ethers; A′: β-ether structures with acylated (by acetate, benzoate, p-hydroxybenzoate, or p-coumarate) γ-OH; B: phenylcoumaran; B′: phenylcoumarans with phydroxybenzoates acylating the γ-OH; C: resinols; C′: tetrahydrofuran structures formed by β-β′-coupling of monolignols acylated at the γ-OH; D: dibenzodioxocins; F: spirodienones; P b : benzodioxane-type piceatannol dimeric structures; P c : phenylcoumaran-type piceatannol dimeric structures; V: benzodioxane structures formed by cross-coupling of piceatannol and a monolignol; I: cinnamyl alcohol end-groups; I′: cinnamyl alcohol end-groups acylated at the γ-OH; J: cinnamaldehyde end-groups; pBA: p-hydroxybenzoates; pCA: p-coumarates; FA: ferulates; H: phydroxyphenyl units; G: guaiacyl units; S: syringyl units; S′: Cα-oxidized syringyl units;. The structures are colored to match the assigned contours in the NMR spectra in Figures 3 and 4. of the polyphenolic hydroxystilbenes, a family of plant secondary metabolites, with antiviral, antibacterial, and antioxidant properties that are known to contribute to plant disease resistance. 46, 47 The signals for piceatannol in the HSQC spectra were assigned by the aid of an authentic piceatannol standard, certain dehydrodimers, and from the products of biomimetic polymerization reactions, as already reported. 5 The signals corresponding to piceatannol units were labeled as P b (piceatannol units involved in benzodioxane structures), P c (piceatannol units involved in phenylcoumaran structures), and V (piceatannol units involved in benzodioxane structures formed by cross-coupling with monolignols) corresponding to different piceatannol coupling structures, as already described. 5 Piceatannol consists of two dihydroxylated aromatic rings joined by an ethylene bridge; one of the aromatic rings presents two hydroxyl groups in meta-positions (a resorcinol unit) whereas the other ring presents two hydroxyl groups in ortho positions (a catechol unit). The C 10,14 /H 10,14 and C 12 /H 12 correlation signals for the resorcinol part (labeled P b10′,14′ , P b10,14 , P c10,14 , P b12′ , P b12 , and P c12 ) are the most prominent ones and appear in the upper part of the aromatic region, whereas the C 2 /H 2 , C 5 /H 5 , and C 6 /H 6 correlation signals for the catechol part (labeled P b2 , P c2 , P b5 , P b6 , and P c6 ) are present downfield in the spectra (Figures 3F  and 4F ). The assignments of all these signals involving piceatannol units are detailed in Table S1 . Interestingly, piceatannol was exclusively present in the lignin from macauba endocarp, indicating its exclusive direction to this pericarp layer. Piceatannol was also found incorporated into the lignins of other palm fruit endocarps, such as in carnauba (Copernicia prunifera) and coconut (Cocos nucifera). 5 Piceatannol is mainly incorporated into the lignin moiety through condensed linkages, forming benzodioxane and phenylcoumaran structures, that may contribute to producing an extremely hard and rigid endocarp compared to stalk and epicarp.
Lignin Interunit Linkages. The aliphatic-oxygenated region of the spectra of whole cell walls ( Figure 3 ) and their isolated MWLs (Figure 4) provided useful information about the types of interunit linkages present in the lignins from the different macauba parts. In this region, typical signals from lignin included signals from side-chains in β-ether A, phenylcoumaran B, resinol C, dibenzodioxocin D, spirodienone F, and cinnamyl alcohol end-group I structures. In addition to the typical lignin signals, other "novel" signals from structures involving piceatannol (P b , P c , and V) were observed in the endocarp spectra ( Figures 3C and 4C) . The definitive identification of the new structures involving piceatannol were attained by HSQC-TOCSY and HMBC experiments and radical coupling model studies, as already described. 5 Thus, P b signals corresponded to a benzodioxane structure that was formed by the 8-O-4′ radical coupling of two piceatannol units followed by internal trapping of the quinone methide intermediate by the 3′-OH and subsequent rearomatization forming the benzodioxane bridge; on the other hand, P c signals corresponded to a phenylcoumaran structure formed by 8-10′ radical coupling of two piceatannol units followed by internal trapping of the 11′-OH by the quinone methide intermediate and subsequent rearomatization. Finally, V signals corresponded to a benzodioxane structure formed via β-O-4′ radical coupling of a monolignol (at its β-position) and the catechol part of piceatannol (at its 4′-O position) followed by internal trapping of the quinone methide intermediate by the 3′-OH and forming the benzodioxane bridge. The occurrence of these structures conclusively establishes that piceatannol is a real lignin monomer participating in coupling and cross-coupling reactions during endocarp lignification.
Extent and Nature of Lignin Acylation. The HSQC spectra (Figures 3 and 4) also revealed the presence of characteristic signals for γ-acylated β-ethers A′ and other structures (B′ and I′). In addition, signals for the C α /H α and C β /H β correlations of a tetrahydrofuran substructure C′, arising from β−β′ Table S2 .
Article coupling of two γ-acylated sinapyl alcohols, were also observed in the spectra. The occurrence of these signals indicate that all these lignins are partially acylated at the γ-OH of the sidechain, most probably with the p-hydroxybenzoates observed in the aromatic region, as usually occurs in the lignins from other palms, 5, 12 but also putatively with other acyl groups such as p- 
Article coumarates, that are also observed in the aromatic regions of the spectra, and acetates. Partial acylation with acetates was evident in the HSQC of the stalks MWL from the signal of γ-acetylated cinnamyl alcohol groups I′ γAc at δ C /δ H 64.0/4.65, which is different from the signal for the γ-p-hydroxybenzoylated cinnamyl alcohol end-groups I′ γpBA at δ C /δ H 64.4/4.88. Monolignol conjugates with different acyl groups (acetates, pcoumarates, and p-hydroxybenzoates) have been widely found in the lignins of many plants, including palms. [7] [8] [9] [10] [11] [12] 44, 45 An estimation of the extent of γ-acylation of these lignins was obtained by integration of the C γ /H γ correlation signals corresponding to the nonacylated γ-OH (A γ ) and γ-acylated (A′ γ ) substructures in the spectra of the isolated MWLs and ranged from 26% in the stalks to only 9% in the epicarp and 18% in endocarp.
Additional information about the nature of the ester groups here was obtained from HMBC experiments. Figure 7 shows the sections of the HMBC spectra for the correlations of the carbonyl carbons of the different esters present in the lignins of the three macauba parts; appropriate sections of the HSQC spectra showing the signals of the γ-acylated side-chain regions are also shown. Three distinct carbonyl carbon correlations could be observed in the HMBC spectra, at δ C 165.1 (magenta highlighting, for p-hydroxybenzoates pBA), δ C 166.1 (red, for p-coumarates pCA), and δ C 169.9 (green, for acetates Ac). The correlations of the carbonyl carbon at δ C 165.1 with the 2-and 6-protons at δ H 7.66 confirmed that they belong to phydroxybenzoates; likewise, the correlations of the carbonyl carbon at δ C 166.1 with the 7 and 8-protons from pcoumarates at δ H 7.58 and 6.26 also confirmed that they belong to p-coumarates pCA. Finally, the correlations of the carbonyl carbon at δ C 169.9 with the methyl group protons of acetates at δ H 1.9−2.0 (not shown) also confirmed its assignment. The correlations of all these carbonyl carbons with the protons in the range δ H ≈ 3.6−5.0 ppm indicate that all of them are acylating the γ-OH of the lignin side-chain. Several correlations were observed in this region suggesting the involvement of the different acyl groups at the γ-positions of different lignin substructures (A′, B′, and I′). The main acylating groups found in the lignin of the stalks were phydroxybenzoates pBA, p-coumarates pCA, and acetates, whereas in the epicarp lignin, the main acylating groups were p-hydroxybenzoates pBA and acetates. In the endocarp lignin, p-hydroxybenzoate pBA was the only group acylating the lignin γ-OH.
The HSQC spectrum of the endocarp MWL ( Figure 4C ) also shows the occurrence of strong signals for γ-acylated (with p-hydroxybenzoates) phenylcoumaran structures B′, which are described and assigned here for the first time. The spectrum shows the presence of three separate and distinguishable signals for the C α /H α correlations of phenylcoumaran structures (labeled here B G , B S /B′ G , and B′ S ). Although signal B G can be clearly assigned to C α /H α correlations of a G−Gphenylcoumaran unit, the two other signals have not been reported previously in the 2D NMR of other lignins. Important information regarding these signals was obtained from the HSQC-TOCSY and HMBC spectra (Figure 8 ). It is clear from the HSQC-TOCSY spectrum ( Figure 8A ) that signal B G presents a three-carbon side-chain and corresponds to the typical signal from G−G phenylcoumaran structures, with the characteristic C α /H α , C β /H β , and C γ /H γ correlations at δ C /δ H 86.8/5.43, 53.1/3.45, and 62.7/3.68. Similarly, signal B′ S presents a three-carbon side-chain coupled methine network, with its C α /H α and C β /H β correlations at δ C /δ H 88.6/5.71 and 49.0/4.02 and a signal pair for the C γ /H γ correlations at δ C /δ H 65.1/(4.67 and 4.50) that corresponds to phenylcoumaran structures bearing a p-hydroxybenzoate group acylating the γ-OH, as can be clearly seen from the HMBC correlations of the 
Article carbonyl carbon at δ C 165.1 in Figure 7 . However, the HSQC-TOCSY of Figure 8A clearly indicates that the signal labeled B′ G /B S is composed of two overlapped signals that correspond to two different phenylcoumaran structures: structures B S with a normal γ-OH, and structures B′ G in which the γ-OH is acylated with p-hydroxybenzoates. The final assignments of these signals were obtained from the long-range correlations in the HMBC spectrum ( Figure 8B ). The α-proton of B G units correlates only with G-unit aromatic carbons (G 2 and G 6 ) and the γ-carbon of a free γ-OH side chain, indicating that it corresponds to normal G−G phenylcoumaran structures. The α-proton of B′ S only correlates with S-unit aromatic carbons (S 2, 6 ) and the γ-carbon of a γ-O-p-hydroxybenzoylated side chain, indicating that it corresponds to S−G phenylcoumaran structures bearing a p-hydroxybenzoate unit acylating the γ-OH. Finally, signal B S corresponds to an S−G phenylcoumaran bearing a normal γ-OH whereas signal B′ G corresponds to a G−G phenylcoumaran bearing a p-hydroxybenzoate group at the γ-OH.
Quantitation of Lignin Units and Linkages. The relative abundances of the H, G, and S lignin units, p-hydroxybenzoates pBA, p-hydroxycinnamates (pCA and FA), and piceatannol P units, as well as the main interunit linkages, cinnamyl end-groups, and the percentage of γ-OH acylation, calculated from volume integrals from the HSQC spectra of the whole cell-walls and of their respective MWLs, are shown in Table 3 . Important information regarding the structure of the lignins in the different macauba parts could be obtained. The lignin from stalks was slightly enriched in S-lignin units (S/G ratio ∼1.2) and β-ethers A, with a high extent of γ-acylation (26% lignin acylation), predominantly with phydroxybenzoates, and also with p-coumarates and acetates. The epicarp lignin, on the other hand, was highly enriched in G-lignin units (S/G ratio of 0.2) and was depleted in β-ethers A, but consequently presented more condensed linkages such as phenylcoumarans B/B′ and dibenzodioxocins D. It also shows a low extent of γ-acylation (9% lignin acylation) with phydroxybenzoates and acetates. Finally, the endocarp lignin, with an S/G of 0.6−0.9, presented a completely different structure extremely enriched in condensed linkages (phenylcoumarans B/B′, dibenzodioxocins D) and depleted in β− ethers, with important amounts of p-hydroxybenzoates pBA acylating the γ-OH, and, most strikingly, with large amounts of piceatannol units integrally incorporated into the lignin polymer (forming phenylcoumaran P c , and benzodioxane P b and V structures). Interestingly, no traces of the flavonoid tricin could be detected in any of these lignins, despite prior observations that tricin is a characteristic component in the lignins of monocots, 15, 17 and has been found in the lignins of other palms, such as in coconut fibers.
11
Nature of Lignin γ-Acylation as Determined by DFRC. Further information on the nature of the γ-acylation was obtained by DFRC, a degradation method that cleaves β-ether bonds in the lignin but leaves γ-esters intact. 33 Large differences were observed among the DFRC degradation products of the MWLs isolated from the different macauba parts ( Figure 9 ). All lignins releases the cis and trans isomers of guaiacyl (cG and tG), and syringyl (cS and tS) lignin monomers (as their acetylated derivatives) arising from normal (γ-OH) units in lignin. The presence of important peaks corresponding to the cis and trans isomers of γ-phydroxybenzoylated syringyl (cS pBA and tS pBA ) lignin units in the DFRC chromatograms of the stalks and the endocarp indicated the occurrence of significant amounts of phydroxybenzoate groups acylating the γ-OH of these lignins, and predominantly on syringyl units, as usually occurs in the lignins from palms. 11, 12 Only minor amounts of tS pBA were found in the lignin from epicarp, in agreement with the low amounts of p-hydroxybenzoates and the low level of γ-acylation observed in this lignin by 2D-NMR. A minor peak for the trans-γ-dihydro-p-coumaroylated syringyl (tS pDHCA ) lignin units was detected in the lignin from the stalks, indicating that the p-coumarates are also attached to the γ-OH of these lignins, as observed by 2D-NMR, and predominantly on syringyl units. Interestingly, significant amounts of cis and trans isomers of γ-benzoylated guaiacyl (cG BA and tG BA ) and syringyl (cS BA and tS BA ) lignin units could also be released among the DFRC products of endocarp ( Figure 9C ) and at lower levels also in the stalks ( Figure 9A ). These monolignol benzoate conjugates have also been recently described in other palms. 44 However, and contrary to what occurs with phydroxybenzoates pBA and p-coumarates pCA that are mostly attached to S-lignin units, the benzoates BA found in these lignins do not have a preference for G-or S-units and are present in a similar proportion as the lignin S/G ratio. Significant amounts of the stilbene piceatannol 3, were released upon DFRC from the endocarp lignin. Two other related stilbenes, namely resveratrol 1, and isorhapontigenin 2, were also released, although in lower amounts. This finding indicates that, besides the structures involving piceatannol (P b , P c , and V) described above, significant amounts of piceatannol are also incorporated into the lignin structure of the endocarp by ethertype labile bonds, susceptible of being cleaved by the DFRC degradation method.
In general terms, the molar S/G ratios obtained upon DFRC (1.4 for stalks, 0.2 for epicarp, and 0.3 for endocarp) matches well those obtained by Py-GC/MS and 2D-NMR, except for the endocarp, which is somewhat lower. Probably, in the endocarp lignin, the S-units might be involved in some types of linkages with piceatannol that are not amenable to DFRC degradation.
Acetate groups have also been widely found acylating the γ-OH in the lignin of many plants, including palms, 7, 11 and their presence in the lignins of stalks and epicarp were also noticed in the HMBC spectra of Figure 7 . Acetate groups can be detected by using a modification of the original DFRC degradation method by substituting acetylating reagents with propionylating ones (so-called DFRC′). 7, 34 The DFRC′ analyses corroborated the occurrence of significant amounts of acetates attached to the γ-OH in the stalks and epicarp lignins, which were preferentially attached to S-lignin units. Up to 33% of the releasable S-lignin units were acetylated in stalk lignin, whereas only around 4% of the total G-lignin units were acetylated. In the case of epicarp lignin, the percentages of acetylation were 9% and 1% for S-and G-lignin units, respectively. The endocarp lignin, however, was barely acetylated (∼1% of S-units and ∼0.2% of G-units were acetylated). Molecular Weight Distribution of the Lignins from the Different Macauba Parts. The molecular weightaverage (M w ) and number-average (M n ) values of the MWLs isolated from the three different macauba parts were estimated from the GPC curves, as shown in Figure S1 . The MWLs exhibited rather similar molecular weights, with M w /M n ranging from 7400/4200 g/mol in the stalk lignin, 6100/ 3400 g/mol in the epicarp lignin, and 6500/3900 g/mol in the endocarp lignin. The MWLs therefore exhibited relatively low polydispersity, with M w /M n around 1.67−1.79, compared to other isolated lignins. 48 In conclusion, the three anatomical parts (stalk, epicarp, and endocarp) of the macauba palm presented completely different cell wall compositions, with important differences in the content and composition of lignin. Whereas the stalks were Figure 9 . Chromatograms of the DFRC degradation products released from the lignins from (A) macauba stalk, (B) macauba fruit epicarp, and (C) macauba fruit endocarp. cG, tG, cS, and tS are the normal cis-and trans-coniferyl (G) and sinapyl (S) alcohol monomers (as their acetate derivatives). cG BA and tG BA are the cis-and trans-coniferyl benzoate (G BA ); cS BA and tS BA are the cis-and trans-sinapyl benzoate (S BA ); tG pBA is the trans-coniferyl p-hydroxybenzoate (G pBA ); cS pBA and tS pBA are the cis-and trans-sinapyl p-hydroxybenzoates (S pBA ); tS DHpCA is the trans-sinapyl dihydro-p-coumarate (S DHpCA ), (as their acetyl derivatives). Peaks in red color correspond to the different hydroxystilbene compounds, 1: resveratrol; 2: isorhapontigenin; 3: piceatannol, as their acetyl derivatives.
enriched in S-lignin units and β-ethers A, the epicarp presented a highly condensed, G-rich lignin (S/G ratio of 0.2). The endocarp, on the other hand, was characterized by the occurrence of significant amounts of hydroxystilbenes, particularly piceatannol, incorporated into the lignin structure, thus producing a greater accumulation of lignin that is more condensed and presumably contributing to endocarp hardening by reinforcing the cell wall. We speculate that incorporation of these hydroxystilbenes, and in particular piceatannol, into the lignin polymer could also provide additional antiviral, antibacterial, and antioxidant properties to the endocarp, contributing to seed protection.
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